We demonstrate a novel high-temperature sensor using multicore fiber (MCF) spliced between two single-mode fibers. Launching light into such fiber chains creates a supermode interference pattern in the MCF that translates into a periodic modulation in the transmission spectrum. The spectrum shifts with changes in temperature and can be easily monitored in real time. This device is simple to fabricate and has been experimentally shown to operate at temperatures up to 1000°C in a very stable manner. Through simulation, we have optimized the multicore fiber design for sharp spectral features and high overall transmission in the optical communications window. Comparison between the experiment and the simulation has also allowed determination of the thermo-optic coefficient of the MCF as a function of temperature.
Sensing in extreme environments, such as high temperatures, is important for various applications (e.g., downhole drilling). Generally, fiber-optic sensing requires devices with sharp spectral features that are highly sensitive to external surroundings, and can be easily interrogated within a limited spectral range. For applications requiring multiplexing, high overall transmission is also required. Fiber-optic sensing has been dominated by fiber Bragg gratings, but standard gratings suffer from degradation at temperatures above a few hundred degrees Celsius, limiting their applications. However, alternative fiber-optic devices, such as multimode interference (MMI) devices, have shown promise in sensing various environments. In the first demonstration of sensing using MMI, Layton and Bucaro showed that sound could be measured by observing the phase change between two interfering core modes in a fiber [1] . Mehta et al. showed a displacement sensor formed with a single-mode fiber-multimode fiber-mirror configuration [2] . Later, Li et al. demonstrated a temperature sensor working up to 800°C [3] using the interference of several higher order LP modes in a single-mode fiber-multimode fiber-cleaved facet configuration. However, these devices do not offer the possibility of multiplexing due to their reflective design, while transmissive elements can be multiplexed by simply splicing multiple devices together. The transmission characteristics of multimode fiber spliced between two single-mode fibers (SMS devices) have been investigated [4] , and Zhang and Peng showed a transmissive refractive index sensor using an SMS structure [5] .
The previously mentioned devices use either no-core or large-core step-index fiber as the fiber supporting multiple modes. However, it is also possible to sense using MMI from graded index fiber [6] , photonic crystal fiber [7, 8] , and multicore fiber [9] . These special fiber designs lead to greater control over the modes that are interfering, and less chaotic interference patterns can be produced. Specifically, multicore fibers have shown great promise in sensing curvature [10] , strain [11] , and refractive index [12] . The geometry of the aforementioned multicore devices can be fairly complex, using suspended core fiber or etching of the fiber cladding. Recently, an SMS sensor utilizing photonic crystal fiber was shown to be capable of measuring 500°C [13] . This required selectively collapsing regions of the PCF, as well as precise offset splicing. A simpler fiber design will increase the applicability of the sensors, primarily when high levels of multiplexing are needed.
Demas et al. showed a fiber-optic sensor capable of measuring up to 1000°C with a device utilizing a PCF and a CO 2 laser-written long-period grating [14] . Unfortunately, the spectral feature they tracked was not sharp and the temperature shift was not clearly linear.
Here we show the design and optimization of a simplified SMS device utilizing multicore fiber. Recently a device has been shown to sense temperatures up to 1000°C [15] . Figure 1 is the stable response of the MCF device to temperature. This device was a 2 cm piece of seven-core fiber spliced between 2 single-mode fibers, placed in a high-temperature oven, and tracked in transmission using a broadband light source and optical spectrum analyzer. In the following, we investigate several multicore fiber designs through simulation and experiment for their use in SMS devices for highly multiplexed sensing applications. Specifically, the coupling from SMF to MCF and the supermode interference produced were studied with a focus on seven-and 19-core fiber structures, using a finite difference method (FDM) mode solver (Fimmwave, Photon Design). The FDM has previously been used for finding the modes of similar MMI fiber-sensing devices [2] A fiber with seven coupled cores supports seven supermodes, shown in The interference between these two supermodes will result in a periodic coupling of the power between the center and outer cores as the light propagates down the MCF. Figure 3 shows the SMS device with supermode interference in the MCF. Spectrally, the interference generates a periodic transmission spectrum of the SMS device, shown in Fig. 5(a) . The physical origin of this spectral periodicity is the difference in the propagation constants (Δβ) of the supermodes. The wavelength dependence of Δβ causes the MCF to act similarly to a directional coupler, in which the coupling constant between the waveguides is directly proportional to wavelength. As the difference in propagation constants varies with wavelength, the power distribution across the cores at the facet of the second SMF will vary periodically in the spectral domain, and the amount of light collected by the second SMF will vary accordingly. The transmission modulation period and modulation depth are highly dependent on several MCF design parameters, such as number of cores, core size, and core-to-core spacing. For a seven-core fiber, the transmission spectrum is clearly periodic with sharp spectral features due to the interference of only two supermodes.
In contrast, a 19-core fiber supports 19 supermodes; four are circularly symmetric modes with central-core excitation. Therefore, four supermodes are excited by the fundamental mode of SMF, as shown in Fig. 4 , creating a more complicated interference pattern with more complex periodicity and less sharp spectral features. Figure 5 shows the transmission spectra comparison between simulation and experiment for SMS devices using both seven-and 19-core fiber. The multicore fiber was fabricated from Ge-doped silica with an NA of 0.14 and group index of 1.455 and 1.454, for modes 1 and 2, respectively, at 1550 nm for the seven-core fiber. Between two sections of SMF (SMF-28 was used in all simulations and experiments), 4 cm of seven-core fiber and 12 cm of 19-core fiber were used. These lengths were chosen because of the dependence of the modulation period on the MMF length [2] . Due to the more complicated supermode interference of the 19-core fiber, the reproduction length is longer; therefore, a longer section is needed to ensure several periods of modulation within the spectral range of interest. Any slight variation between the simulation and the experiment can be attributed to the margin of error in measuring the geometry and refractive index profile of the drawn fiber. Particularly, the 19-core fiber showed deformations in the outer ring of cores, shown in Fig. 4 , further complicating the supermode interference and causing small differences between the experimental and simulated data. Due to its simpler transmission spectrum with more predictability and sharper spectral features, the sevencore fiber was selected for more detailed investigation in order to obtain an optimum geometry for multiplexed temperature sensing. The requirements for multiplexing are sharp spectral features with high overall transmission between these features. Figure 6 demonstrates that maximum modulation depth occurs at equal excitation of the two interfering supermodes. This is because when the modes are equal in amplitude, complete destructive interference in the center core is possible. The fractional power excited in the supermodes depends on the mode field diameter (MFD) overlap of the fundamental mode of the SMF and the supermodes of the MCF. Due to dispersion, the MFDs are wavelength dependent. Figure 6 shows the maximum modulation depth occurring at the wavelength for which both interfering supermodes are equally excited by the SMF. With unequal mode overlap, there is still supermode interference, but the minima are less sharp. At equal coupling, the minima can reach −40 dB for the considered seven-core fiber. Therefore, when designing the SMS device, the mode coupling between the SMF and MCF must be examined for the wavelength range for which it will be interrogated in order to achieve the sharpest spectral features possible.
Two seven-core fibers were fabricated with different geometries; the difference caused by the change in MFDs of the supermodes is clearly shown when comparing the transmission spectra. The first fiber, shown in Fig. 7(a) , has 9.5 μm diameter cores, a 13.6 μm pitch, and a 125 μm outer diameter. This causes unequal excitation of the two supermodes with about 61% and 38% for the center-only and all-core modes, respectively, as found through simulation. Shown in Fig. 7(c) , the maximum depth of modulation for this fiber in an SMS device was only −12 dB.
However, the second seven-core fiber, fabricated with the same glass material and drawing parameters, has almost exactly equal mode excitation near 1550 nm. Here, the core diameter was 9.2 μm, the pitch 11 μm, and the outer diameter 125 μm. The minimum depth achieved in this case was better than −35 dB, showing the sensitivity of the SMS transmission spectrum with respect to the multicore geometry. The experiment and simulation show that the second fiber design is very close to optimal in the C-band, which is our spectral region of interest. This optimal wavelength region can be tuned over hundreds of nanometers for other applications, as needed, by changing the MCF geometry or the SMF input if the individual cores remain single mode at the selected wavelength.
Next, we focused on obtaining maximum transmission for optimal multiplexing. Maximum overall transmission occurs when the mode of the SMF can be perfectly represented by a superposition of the two excited MCF modes. Figure 8 shows that as the total excited power approaches 100% in the interfering modes, the total transmission of the SMS device also approaches 100%. High overall transmission is crucial for systems with high levels of multiplexing. Additionally, the total loss through the device, including two SMF-MCF splices, has been experimentally measured as less than 0.05 dB, showing low mode-field mismatch, low splice loss, and low propagation loss in the MCF (which is on the order of a few dB/km and, therefore, negligible for these short devices). As this device is proposed as a temperature sensor, the sensitivity of the SMS devices to external environments has also been investigated. Using the thermal expansion and thermo-optic coefficients for silica fiber, adjustments in the refractive index and length of the MCF section can be applied, simulating temperature shifts. In simulation, the transmission spectra were shown to shift linearly with temperature for both the seven-and 19-core fibers, directly proportional to the thermo-optic coefficient (dn/dT). However, Fig. 9 shows a measurement of a seven-core SMS device, with a nonconstant slope of the wavelength shift with temperature.
A similar curve has been obtained for this temperature region by Choi et al. using a fiber-optic Fabry-Perot device [16] . The nonlinear wavelength shift indicates a change in the properties of the glass at different temperatures, and, therefore, a change in the thermo-optic coefficient (dn/dT). The thermal expansion coefficient of fused silica is much lower than dn/dT, and was found to be negligible for these measurements. The shift of the thermo-optic coefficient of fused silica with temperature has previously been investigated at cryogenic temperatures [17] , finding a linear relationship between dn/dT and temperature. The thermo-optic coefficient in our simulation was adjusted to match the measured spectral shift, enabling the determination of dn/dT as a function of temperature for this fiber device. In Fig. 9 , the wavelength shift fits a cubic function well from 0°C to 600°C
, and a linear function from 600°C to 1000°C. The red curve is the derivative of the wavelength shift fitting functions, which measures the sensitivity of the SMS device as a function of temperature. Using simulation data, the sensitivity can then be correlated to the thermo-optic coefficient of the MCF. Near room temperature, the calculated thermo-optic coefficient is about 1.5 × 10 −5 ∕°C. This value is in the range of previous measurements of fused silica at this temperature [17] [18] [19] .
In conclusion, we have shown a detailed investigation of MCF-based MMI devices for use in high-temperature sensing. The supermode interference and transmission spectra of SMS devices have been simulated and matched to experimental data. Understanding the mode coupling between SMF and MCF allows for the design of devices with sharp spectral features with up to 40 dB resolution for a chosen region of the optical spectrum. We have also shown the determination of the thermo-optic coefficient of our MCF as a function of temperature. The overall high transmission enables multiplexing of a large number of devices within a narrow wavelength range for distributed sensing along a measurement chain. These sensors are simple to fabricate, requiring only two standard splices between SMF and MCF, and have been shown to operate stably in temperatures up to 1000°C. This high temperature range makes these devices suitable for industries such as down-hole drilling and in nuclear reactor facilities. Additionally, this MCF fiber is sensitive to other external changes-such as bending -increasing its range of applicability as a sensor device. 
